Two acoustically different types of lung crackles, fine and coarse, occur in different pathophysiological conditions. To differentiate these crackles from objective characteristics of frequency information, crackles were recorded from 16 patients with pulmonary fibrosis judged clinically to have "fine" crackles and from 10 with chronic bronchitis who had mainly "coarse" crackles. Time expanded waveforms (1/4 cycle duration, initial deflection width, two cycle duration, and 9/4 cycle duration; duration of the first 1/4, 2/4, 8/4, and 9/4 cycles of crackle waveforms) were examined and fast Fourier transform analysis (peak and maximum frequencies) was performed. All waveform measurements for fine crackles were significantly smaller than those for coarse crackles. Peak and maximum frequencies for fine crackles were significantly higher than those for coarse crackles. Although there was some overlap in these values for individual crackles between the two groups when average values of these measurements were calculated for each patient, there was no overlap between fine and coarse crackles and the two groups could be clearly separated. Log peak frequency and log maximum frequency correlated better with 9/4 cycle duration (r = 085, 0 84) and two cycle duration (r = 0-87, 0 86) than with 1/4 cycle duration (r = 0-66, 0 77) or initial deflection width (r = 0-67, 0 79). Early and late segments of crackles have different characteristics, probably related to the origin of the sound and the resonance of the lung respectively. These results suggest that spectral and waveform characteristics may help to improve the accuracy of pulmonary auscultation and increase knowledge of how crackles are generated.
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Two acoustically different types of lung crackles are recognised clinically."A The American Thoracic Society recommends the use of the terms fine and coarse for these crackles.2 Fine crackles occur in patients with interstitial lung disease and early congestive heart failure, are heard during inspiration, and are high pitched.7 They were thought to be produced by peripheral airway opening during inspiration,3-6 and this has been confirmed experimentally. 8 Coarse crackles occur in patients with chronic bronchitis and severe pulmonary oedema, are heard during both inspiration and expiration, and are low pitched.' Fluid secreted in the airways is thought to contribute to the production of coarse crackles. 4 Because the different types of crackles are due to different diseases, it is important to differentiate these two types. Some of the characteristics of the crackles, such as pitch, are based on subjective description, and pulmonary auscultation is unreliable and subject to personal variability. It would be valuable therefore if measurements of pitch could be used to separate the two types of crackle objectively. Time expanded waveform analysis was proposed for this purpose. 2) . The system was constructed with an eight channel digital audio tape recorder (Sony DAT PC-108M) and computer (NEC-PC9801). Sounds were introduced into the digital audio tape recorder and converted from analogue to digital signals simultaneously with flow information from a pneumotachograph. Sampling frequency was 20 kHz, and the sampling time was 6-55 seconds. Lung sounds were usually recorded throughout full inspiration at the base of the right posterior chest wall in order to minimise interference from heart sounds. Because crackles recur in consecutive respiratory phases57 sampling was limited to a single inspiratory phase for each patient. Five crackles from one inspiratory phase for each patient were sampled randomly and analysed.
ANALYSES OF CRACKLES
The time expanded waveform analysis and the fast Fourier transform analysis were performed with the Wave Master program (Canopus Electronics Company Ltd, Kobe, Japan). For time expanded waveform analysis sound signals were usually displayed at 1 ms/division and 100 mV/division on the screen (fig 3) . The duration of the first 1/4 and 9/4 cycles for each crackle,8" I the initial deflection width (duration of the first half cycle), and the duration of the first two cycles'0 ( fig 1) were analysed on the screen by pointing cursors at two points on the waveform, from which the computer calculated the time between the two points.
For frequency analysis fast Fourier transform analysis was performed for each crackle waveform. Sampling frequency was 20 kHz and the window for fast Fourier transform analysis was adjusted to 51 2 ms (1024 points). To eliminate background noises and artefacts the single waveform signal was extracted by cutting at two zero points, before and after the Five crackles from a single inspiratory phase were sampled from all patients with idiopathic pulmonary fibrosis and from eight of 10 patients with chronic bronchitis; in two patients only four crackles could be sampled. Thus 80 crackles were analysed from the patients with idiopathic pulmonary fibrosis and 48 from the patients with chronic bronchitis. The quarter cycle duration, 9/4 cycle duration, initial deflection width, and two cycle duration for "fine" crackles were significantly shorter (p < 0 0001) than those for "coarse" crackles. Peak and (from IPF patients) (from CB patients) frequency (log peak frequency and log maximum frequency) also correlated significantly with waveform measures, as shown in the table (correlation coefficients between 0-66 and 0 87). When these correlation coefficients were compared, the log peak frequency and log maximum frequency correlated with 9/4 cycle duration (r = 0-85, 0 84) and two cycle duration (r = 0-87, 0 86) better than with 1/4 cycle duration (r = 0-66, 0 77) and initial deflection width (r = 0-67, 0 79; p < 0-01). (from IPF patients) (from CB patients) Analysis of the frequency distribution of crackles by fast Fourier transformation could be another objective measurement. Although this analysis has been applied to lung sound analysis since the late 1970s,'7 its application to the short waveform of a single crackle is technically difficult. We were able to achieve this by using a computerised digital audio tape recorder and putting each crackle waveform on to a zero baseline.
The original description of the auscultatory characteristics of fine and coarse crackles contains statements about the pitch of the crackles without objective criteria.2 5 This makes it difficulttodefineanddifferentiatefineandcoarse crackles. To reduce this problem we studied fine and coarse crackles in patients selected on the basis of criteria that did not include information on pitch.
There were statistically significant differences between the crackles in pulmonary fibrosis ("fine" crackles) and those in chronic bronchitis ("coarse" crackles) for all the measurements made. Fine crackles had higher frequencies and a shorter wave than coarse crackles, consistent with the description by Forgacs and other investigators'" that fine crackles are high pitched and coarse crackles low pitched. In terms of individual crackles, however, there was considerable overlap in these values, suggesting that the spectral and waveform characteristics of individual crackles alone cannot separate the crackles of idiopathic pulmonary fibrosis from those of chronic bronchitis with complete certainty. When the mean values for each patient are plotted (figs 4-6), however, crackles from the patients with idiopathic pulmonary fibrosis ("fine" crackles) and those from the patients with chronic bronchitis ("coarse" crackles) are differentiated clearly. These results suggest that waveform and fast Fourier analyses of several crackles from a patient will allow the two diseases to be separated.
There were highly significant correlations (table 4) . This shows that the 1/4 cycle duration and initial deflection width yield information that is qualitatively different from that of the peak and maximum frequencies. Mori et al20 suggested that waveforms of crackles consist of two components, a starting segment and a decay segment. They speculated that the early starting segment usually contained the characteristics of a shock wave and that the decay segment might be determined by the characteristics of the pulmonary structure as a resonance apparatus, the whole crackle waveform being made from the combination of these two components. Our results are consistent with these ideas. The 1/4 cycle duration and initial deflection width, measurements of the initial part of the crackle waveform, may represent information that comes from the site of origin of the sound rather than from the resonator. In summary, we sampled fine crackles from selected patients with idiopathic pulmonary fibrosis and coarse crackles from patients with chronic bronchitis and obtained measurements of frequency and waveform analysis. Although the characteristics of individual crackles did not separate the two groups completely, the mean values for each patient separated the two groups clearly. These results suggest that spectral and waveform characteristics of crackles may help to improve the accuracy ofpulmonary auscultation and to expand our knowledge of how crackles are generated.
